INTRODUCTION
The blind spot is that part of the visual field that corresponds to the projection of the optic nerve head, a retinal region without photoreceptors. Objects presented across the blind spot are seen as "completed", though the part of the object within the blind spot does not stimulate any photoreceptors. Under normal circumstances we are unaware of this discontinuity at our blind spot. Nonetheless, a physical discontinuity does exist in the retinal, and perhaps post-retinal, representation of images at the blind spot. For example, there are no photoreceptors or more proximal retinal neurons within the blind spot (e.g. Osterberg, 1935; Comsweet, 1970) ; in the contralateral layers of the lateral geniculate nucleus (LGN), for a variety of mammalian species, the projection of the blind spot either has no representation or is represented as a cell free region (Malpeli & Baker, 1975; Kaas et al., 1973) ; other anatomic studies in primates indicate that ocular dominance columns dominated by the contralateral eye are absent in the input layers of cortical area V1, at the *College of Optometry, University of Houston, Houston, TX 77204-6052, U.S.A. ~'Present address: Physiological Laboratory, Downing Street, Cambridge CB2 3EG, U.K. :~College of Engineering, University of Houston, Houston, TX 77204-4793, U.S.A. §To whom all correspondence should be addressed [Fax 713-743-1888 Email dlevi@uh.edu].
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representation of the blind spot (Kennedy et al., 1975; Horton, 1984; LeVay et al., 1985; Florence & Kaas, 1992) . The consequences of this absence of neural machinery at the blind spot are very likely to depend on how the cortical representation of the blind spot is organized.
Based on results from psychophysieal experiments conducted around the blind spot, three competing hypotheses have been proposed for the perceptual filling-in that occurs at the blind spot and for the organization of the blind spot at the cortex. These three hypotheses are:
(i) Regions of the visual field surrounding the blind spot maintain their spatial values [the blind spot is filled in with information from the surrounding region (consistent with the Associative hypothesis---attributed simultaneously to A. W. Volkmann and to Fick and R. du Bois-Reymond cited by Ferree and Rand, 1912 ) with possible contributions from lower level neural processes . We prefer not to use the term Associative, because this term involves other dimensions (e.g. learning, high level mechanisms) which are not addressed in this study]. According to this hypothesis there are no spatial distortions around the blind spot. (ii) Opposite sides of the blind spot are represented contiguously at the cortex, so that the blind spot is (iii) effectively sewn-up at the cortex (the Retinotopic hypothesis). The blind spot is effectively sewn-up, but compensatory spatial expansion takes place in an annulus around the blind spot, so that at large distances from the edge of the blind spot no spatial distortions are present, i.e. distortions around the blind spot are localized to an annulus about 1 deg wide (the Compensation hypothesis----compensation was first reported by Ferree and Rand, 1912) .
Psychophysical studies supporting each of the above three hypotheses exist and some of these have been summarized elsewhere (Helson, 1929; Tripathy et al., 1995) . The anatomic studies discussed above indicate that a sewing-up of the blind spot is unlikely in the input layers of cortical area V1. However, there are very few physiological studies of the blind spot (e.g. Fiorani et al., 1992) , and the anatomical and physiological studies have not adequately resolved the controversy that has resulted from the behavioral studies that have examined spatial distortions around the blind spot. Moreover, the organization of the blind spot in higher cortical areas is currently unknown. It is possible to distinguish between these three hypotheses by using a psychophysical task in which (i) the stimulus straddles the blind spot and (ii) performance on the task, when measured across intact retina, is known to depend on the separation of the parts of the stimulus in the cortical image. Such a task would enable us to infer the cortical separation of points on opposite sides of the blind spot.
One such psychophysical task is the two-dot alignment task (Beck & Schwartz, 1979; Beck & Halloran, 1985; which was used in this study to measure sensitivity to relative position across the blind spot. The three hypotheses make different predictions for alignment thresholds for two dots presented on opposite sides of the blind spot. If spatial values are preserved around the blind spot, then alignment thresholds across the blind spot would be similar to thresholds measured across comparable intact retina (e.g. regions of the visual field having the same retinal eccentricity as the blind spot, but lying away from the blind spot). The Retinotopic hypothesis predicts that thresholds across the blind spot would be much lower than thresholds measured across comparable intact retina. The Compensation hypothesis predicts that thresholds across the blind spot would be lower than across comparable intact retina, but only for separations just slightly larger than the height of the blind spot. The tacit assumption behind these predictions is that the neural mechanisms that are missing at the blind spot do not elevate alignment thresholds across the blind spot. If we relax this assumption, then a fourth possibility is that thresholds across the blind spot could be elevated on account of these missing neural mechanisms at the blind spot.
For the different hypotheses proposed for the cortical representation of the blind spot, Fig. 1 shows the predicted vertical alignment thresholds for dots strad- dling the blind spot with varying dot separations. The bold line shows hypothetical thresholds for a control condition in which thresholds are measured across intact retina, at the same retinal eccentricity as that of the blind spot. The preservation of spatial values around the blind spot would predict an overlap of thresholds measured across the blind spot and thresholds measured in the control condition. The Retinotopic hypothesis would predict a rightward shift of the control data by the height of the blind spot (assumed to be 6.0 deg in Fig. 1 ). The Compensation hypothesis would predict a steeper elevation of thresholds initially, compared to the Retinotopic hypothesis, and a levelling off for separations greater than the height of the blind spot by more than 2 deg (assuming a 1 deg wide compensation zone around the blind spot). The qualitative prediction for elevated thresholds as a consequence of potentially missing or poorly functioning alignment mechanisms at the blind spot also is shown in Fig. 1 . This elevation has been presumed to occur at all dot separations, but it is conceivable that this elevation only occurs for dots presented close to the edge of the blind spot. Thus, by measuring alignment thresholds across the blind spot, we may be able to determine which of the above hypotheses best describes the cortical representation of the blind spot. Based on the anatomical studies reviewed above, our a priori prediction was that either: (i) thresholds would be unaffected (i.e. spatial values are preserved); or (ii) thresholds would be elevated. As detailed in the Discussion, the particular outcome has important implications for understanding the mechanisms involved in two-dot alignment. Thresholds for detecting vertical misalignment for two dots presented on diametrically opposite sides of the blind spot were measured for different dot separations. In control conditions, thresholds were measured for the same task across intact retina having the same retinal eccentricity as the center of the blind spot. At each separation, thresholds measured across the blind spot TWO-DOT ALIGNMENT ACROSS THE BLIND SPOT 1587 were similar to those in the control conditions. These results are consistent with the preservation of spatial values around the blind spot, i.e. spatial distortions around the blind spot are small (if they exist at all).
EXPERIMENT 1
Sensitivity to relative position has been measured in a variety of psychophysical tasks that include vernier alignment, two-dot alignment, three-dot-alignment, dot separation and line separation. Thresholds for two-and three-dot alignment generally increase linearly with separation of the stimulus elements, until separations approach 0.3-0.5 times the retinal eccentricity; for larger separations thresholds remain relatively invariant with changes in separation ; also see Burbeck, 1987; Burbeck & Yap, 1990) . Over the separation dependent regime, the sensitivity to relative position at a particular retinal eccentricity is limited by the separation of the stimulus elements in the cortical image . This relationship between cortical separation and sensitivity to relative position suggests that for dots presented on opposite sides of the blind spot, the sensitivity to relative position could be used to infer their relative cortical separation.
In the main experimental condition, two-dot alignment thresholds were measured in the vertical direction, across the blind spot of the right eye, for different dot separations. Typically in a vertical two-dot alignment task, two dots that are almost vertically aligned are presented to the observer (in this case, across his/her blind spot); the observer responds whether the top dot is to the right/left of the bottom dot. This paradigm is ideal for measuring position sensitivity across the blind spot since: (i) the two dots constituting each stimulus can conveniently be placed on opposite sides of the blind spot; and (ii) thresholds for this task have been shown to increase with separation until separations reach about half the retinal eccentricity . In one control condition, thresholds were measured in the right visual field of the left eye, centered at the region of the visual field that was at the same retinal eccentricity as the blind spot and approximately corresponded to the center of the blind spot of the right eye. In the other control condition, thresholds were measured in the left visual field of the right eye, centered around a point that was diametrically opposite (with reference to the fovea) the center of the blind spot. Thresholds in the different experimental conditions were compared.
Methods
An IBM personal computer clone fitted with an Orchid ProDesigner II SVGA card was used to generate the stimuli. All stimuli were displayed on a Sony multisync monitor. The computer keyboard was used to input observers' responses. A chin and forehead rest was used to minimize the observers' head movements. A viewing distance of 44 cm was used. Viewing was monocular A control condition where the stimulus was the same as in (a), but viewing was with the left eye. The solid red circle was not presented. The region corresponding to the opposite eye's blind spot is shown (gray oval). The observer's chinrest was moved, so that the observer's left eye was in the same position that his fight eye was in (a). This ensured that the viewing distance and eccentricity of the stimulus were identical in the main condition and the control condition. However, the two dots were not necessarily centered about the region that exactly corresponded to the center of the blind spot. (c) A second control condition, where the stimulus was presented to the nasal field of the right eye, centered diagonally opposite the center of the blind spot. In this condition again the stimulus was not centered around the region exactly corresponding to the center of the blind spot of the left eye, unless the center of the observer's blind spot fell along the horizontal meridian.
with the eye not being tested being occluded with an eye patch.
The main experimental condition [schematized in Fig.  2(a) ] is first described. The stimulus on each trial consisted of two black squares (referred to as dots for convenience), one above and one below the blind spot of the right eye. The dots were presented on a white background, in a dimly lit room. The two dots were almost aligned vertically. They were positioned such that the vertical center of the entire stimulus coincided with the mapped center of the blind spot for each observer (see "Mapping the blind spot"). The vertical separation of the dots was fixed over a block. The degree of misalignment of the dots was varied between trials by moving the upper dot horizontally with respect to the bottom dot.
The dots had a luminance of 0.1 cd/m 2, presented on a background of luminance 23.0 cd/m 2 as measured by a SPECTRA Pritchard Photometer. The dots were made fairly large (0.5 deg squares) in order to ensure that thresholds were not elevated on account of potentially reduced ~ around the blind spot. The dots were presented for a duration of 150 msec. Fixation was facilitated by a fixation square (of side 0.25 deg) viewed foveally and a red solid circle presented at the center of the observers mapped blind spot. The diameter of the red circle (typically close to 5.0 deg) was adjusted so that it just barely disappeared into the observer's blind spot. The experiment was self-paced. Observers initiated trials only when the red dot was not visible and they were encouraged to rest as often as required.
On each trial the degree of misalignment from vertical (i.e. the horizontal offset) was randomly selected from five possible equally spaced levels, which were fixed for the entire block. Observers judged whether the direction of misalignment of the upper dot was to the right or left of the lower dot, and feedback was provided after each response. Feedback consisted of 1-5 beeps, corresponding to the five possible stimulus offsets. From each observer's responses, thresholds for detecting misalignment of the two dots were estimated (discussed later in this section).
Within a block of trials, the five levels of dot misalignment corresponded to the upper dot being horizontally offset -2d, --d, 0, d, 2d units with reference to the bottom dot. The value for d for each separation was selected for each observer (based on preliminary observations) so that the observer's responses spanned, or almost spanned, the entire psychometric function. The entire stimulus (both upper and lower dot) was randomly displaced horizontally by up to + 2d on each trial, in order to ensure that observers judged relative positions of the two dots and did not respond to memorized positions of the upper dot or to the distance of the upper dot from the screen edges.
Each block of trials consisted of 10 practice trials followed by 125 nonpractice trials at a fixed dot separation. The 125 trials were distributed equally over the five offsets. Dot separation was varied between blocks, ranging between slightly greater than the height of the blind spot and 13 deg. The separations were measured from the lower end of the upper dot to the upper end of the lower dot, since the features critical for the alignment task are the inner ends of the dots. The smallest separation tested was chosen (based on preliminary trials) such that the observer could perform the task without undue difficulty, i.e. the frequency with which one of the dots fell entirely inside the blind spot was <5%. At each separation, between 4 and 6 blocks of trials were run. All blocks of a particular dot separation were performed together. The different dot separations were tested in random order.
In one control condition [schematized in Fig. 2(b) ] the main experiment was repeated but with the stimulus presented to the left eye, centered around the region that approximately corresponded to the center of the right eye's blind spot. The stimulus was the same as that used in the main experiment, but without the solid red circle since it would have interfered with the aligning of the dots. The chinrest was moved in order to position the left eye at the position occupied by the right eye in the main experimental condition.
In another control condition [schematized in Fig. 2 (c)] the main experiment was repeated, but in the left hemifield of the right eye. The stimulus was presented at the same eccentricity as the blind spot and was centered diametrically opposite (with reference to the fovea) the center of the blind spot. The red solid circle was not presented within the blind spot in either control condition, since the screen was not large enough to cover up to 20 deg eccentricity of both the nasal and temporal field, at the viewing distance used. Furthermore, the effects of eye movements were not as critical in the control conditions as they were in the main experimental condition, where a small eye movement could cause one of the dots to fall within the blind spot.
For each experimental condition and each dot separation, the frequency that the observer reported that the upper dot was displaced to the fight of the lower dot was determined as a function of the relative offset of the upper dot. The thresholds for detecting offsets were determined using Probit analysis (Finney, 1971) . In determining the thresholds, the psychometric function (the function relating offset of the upper dot to percentage of rightward responses) was assumed to asymptote to 0 and 100% at the two extremes. The thresholds correspond to half the difference between the offsets for 84 and 16% rightward responses and correspond to a d' value of 1.0. Thresholds were evaluated for each block. Thresholds for repeated blocks of a particular condition were combined using a simple root-mean-square of the thresholds for the individual blocks. Three observers (one author and two naive observers) with no known visual abnormalities other than corrected refractive error participated in the experiments. All observers had extensive previous experience in making positional judgments around the blind spot.
Mapping the blind spot
The projection of the blind spot of the right eye of each observer was mapped onto the computer screen using 'T's of luminance 108.9cd/m 2 presented briefly (40 msec) in and around the blind spot on a background luminance of 1.1 cd/m 2. Briefly presented 'T's were used instead of briefly presented dots for purposes of compatibility with another experiment . The 'T's used were of high luminance to ensure that regions immediately surrounding the blind spot were not mistaken to lie inside the blind spot, on account of potentially low sensitivity in this region. The 'T's were constructed from bars having dimensions of 30 min arc by 6 min arc. The 'T's were presented at grid locations spaced a degree apart, horizontally and vertically. Each grid location was tested four times, in random order. Observers responded by pressing one key if any part of the presented 'T' was seen and another if no part of it was seen. Locations at which the 'T' was seen on fewer than three out of the four presentations were presumed to lie inside the blind spot. The locations lying inside the blind spot were plotted on linear graph paper. A horizontal and a vertical line were drawn, each splitting the plotted blind spot into two halves of equal area. The intersection of the two lines was taken to be the 'center' of the blind spot. The eccentricity of this point and the vertical height of the blind spot through this point were measured. The eccentricities of the center of the blind spot were found to be 15. For observer lib [ Fig. 3(a) ], the data for the two control conditions (squares and triangles) are almost superimposed at all dot separations. The thresholds in the blind spot condition appear to be superimposed on the thresholds in the control conditions at the two larger separations. At the two smaller separations the thresholds across the blind spot are either similar or slightly elevated compared to the control conditions. For observer HD [ Fig. 3(b) ], thresholds in the two control conditions were dissimilar, the thresholds when the stimuli were presented to the nasal field of the left eye were on average higher than the thresholds in the other control condition by a factor of 1.61 (a threshold elevation of 0.21 log units). The thresholds across the blind spot were identical to the thresholds in the nasal field of the left eye. For observer ST [ Fig. 3(c) ], for some separations smaller than the bfind spot, thresholds in the nasal field of the left eye were slightly higher than those measured in the nasal field of the fight eye. The thresholds measured across the blind spot were similar to thresholds measured in the control conditions.
For each observer, the ratio (blind spot threshold/ opposite eye threshold) was averaged over the separations tested. The ratio (blind spot threshold/opposite hemifield threshold) was similarly averaged for each observer. For observer HD, the average of the ratio (blind spot threshold/opposite hemifield threshold) was 1.62 (corresponding to a threshold elevation of 0.21 log units at the blind spot). In all other cases, the averaged ratios ranged between 1.00 and 1.21 (corresponding to threshold elevations between 0.00 and 0.08 log units). Thus, in almost all cases, thresholds across the blind spot were found to be similar to or just slightly higher than those measured in the two control conditions. Thresholds for two-dot alignment do not appear to be lowered at the blind spot. Under normal circumstances, it may not be necessary for us to perform precise alignment tasks for stimuli presented around our blind spots, since the opposite eye is usually open and has a retina that is intact. Thus, even if the organization at the blind spot is retinotopic, thresholds for aligning two dots across the blind spot may still be higher than that predicted by their cortical separation, simply because the region around the blind spot may be uncalibrated from nonuse (i.e. this region may be amblyopic), on account of greater dependence on the opposite eye in that portion of the visual field. One way to test this hypothesis is to extensively train with monocularly presented stimuli the region around the blind spot and the regions tested in the control conditions and examine whether there is a differential lowering of thresholds at the blind spot. A differential lowering of thresholds at the blind spot would suggest that the cortical organization of the blind spot is retinotopic but uncalibrated, and that training can improve the calibration in this uncalibrated region (e.g. Maloney, 1988; Ahumada, 1991) .
The two naive observers were extensively trained in performing the two-dot alignment task in all three experimental conditions. Training consisted of 24 additional blocks of practice trials (3000 trials) and six blocks of post-practice trials for each separation and experimental condition tested. All training and testing at one dot separation was completed before training and testing of the next dot separation was undertaken. As before, the different dot separations were trained and tested in random order. Figure 4 shows the post-practice thresholds for two-dot alignment as a function of dot separation for the two observers in all three experimental conditions. For observer HB, post-practice thresholds in the three experimental conditions, when averaged over the different dot separations exceeding the blind spot height, were between 0.89 and 0.92 times the pre-practice thresholds (representing between 0.03 and 0.05 log units of reduction in thresholds). For observer HD, the corresponding pre-to-post practice threshold ratios were 0.84, 1.12 and 0.88 for the blind spot, opposite eye and opposite hemifield conditions (representing a drop of 0.07, an increase of 0.05 and a drop of 0.06 log units, respectively). For observer HB [ Fig. 4(a) ], the post-practice thresholds in all three experimental conditions appear to be superimposed at all separations tested. For observer HD, the post-practice thresholds in the two control conditions were again dissimilar, with the thresholds measured in the left eye being higher. The thresholds across the blind spot lie between the two control conditions. This raises the question as to which of the 100-. Dot Separation (deg) FIGURE 5. Alignment thresholds for observer HD at half the eccentricity as the blind spot, after HD was extensively practiced. Data are shown for the three experimental conditions: when the stimuli were presented in the right hemifield of the fight eye (solid circles), in the right hemifieid of the left eye (triangles) and in the left hemifield of the right eye (squares).
two control conditions is the appropriate control for comparison with the blind spot thresholds.
EXPERIMENT 2
In order to determine the appropriate control condition at the blind spot, we measured alignment thresholds at an eccentricity that was half that of the blind spot. The three experimental conditions were similar to those tested in Experiment 1. The purpose of this experiment was to determine, for a given region in the visual field, whether the corresponding region in the opposite hemifield or the corresponding region in the opposite eye was the appropriate control, i.e. yielded similar thresholds.
Methods
The stimuli and procedure were identical to that used in Experiment 1, except that the stimuli were presented at half the eccentricity. In one condition the stimuli were centered around the location midway between the fovea and the center of the blind spot in the right eye, i.e. in the temporal field. In the second condition the stimulus was presented to the left eye, centered midway between the fovea and the region that corresponded to the center of the blind spot of the right eye. In the third condition the stimulus was presented in the nasal field of the right eye, centered midway between the fovea and the region that was diametrically opposite (with respect to the fovea) the center of the blind spot. Two-dot alignment thresholds were measured for two separations in each of the three experimental conditions. The two separations chosen for the dots were approximately half the smallest and largest separations tested across the blind spot in Experiment 1. As before, the measurement of the thresholds at these separations was preceded by 3000 training trials. Only HD who showed a big difference in performance in the two control conditions was tested in this experiment. Figure 5 shows the thresholds for the three experimental conditions and for two-dot separations for observer HD. Thresholds measured in the nasal field of the left eye were higher than the thresholds measured in the nasal field of the right eye, as was also seen at the eccefitricity of the blind spot [ Fig. 4(b) ]. Thresholds measured in the temporal field of the right eye were on average a factor of 1.11 (0.04 log units) times higher than those measured in the nasal field of the left eye and were a factor of 1.69 (0.23 log units) times those measured in the nasal field of the right eye [the corresponding ratios following practice at the eccentricity of the blind spot in Experiment 1 were 0.75 (-0.13 log units) and 1.6 (0.20 log units) respectively]. This suggests that for observer HD, the corresponding region of the opposite eye is the more appropriate control relative to an isoeccentric region in the opposite hemifield. These results suggest that similar thresholds are obtained when the stimuli are presented to corresponding cortical loci rather than corresponding eccentricities in the two hemi-retinas. Since for each of the other two observers the data sets in the two control conditions were similar, it will be assumed that for all observers the appropriate control for comparison with the blind spot is the region of the opposite eye that corresponds to the blind spot.
Results

Discussion
For observer HD thresholds across the blind spot were approx. 75% (a lowering of thresholds by 0.13 log units) of thresholds measured at the corresponding region in the opposite eye, when averaged over the different separations [see Fig. 4(b) ]. Figure 6 shows the pre-and postpractice thresholds measured across the blind spot and at the corresponding region in the left eye. Also shown are some pilot data that were obtained for stimuli presented to HD's left eye, earlier than the pre-practice data. The conditions for the pilot data were identical to the prepractice data obtained in HD's left eye but with no feedback being provided following each response. First, post-practice thresholds in the left eye (large triangles) are elevated compared to pre-practice thresholds in the left eye (small triangles) by an average of 0.05 log units; even the pre-practice thresholds are slightly elevated compared to the thresholds obtained in the left eye during pilot experiments (smallest triangles), in spite of the absence of feedback during the pilot experiments. The deterioration of performance with time is puzzling, and we do not know its origins. Second, thresholds in the pilot experiments in the left eye are similar to post-practice thresholds at the blind spot of theright eye. Third, in contrast to the post-practice data in the left eye, thresholds across the blind spot were lower following practice by an average of 0.07 log units. Fourth, the lowering of thresholds at the blind spot does not reflect a differential lowering that is specific to the blind spot, because thresholds in the left field of the right eye were also lowered by a similar amount (0.061og units) following practice. These factors indicate that even though the post-practice thresholds for HD at the blind spot arc slightly lower than the post-practice thresholds measured in the control condition, they do not reflect an unusual improvement in performance at the blind spot. Rather, they reflect a deterioration of performance over time in the left eye. Figure 7 shows the logarithm of the ratio (blind spot threshold/opposite eye threshold) as a function of dot separation, for the different observers, before and after practice. The shaded region represents an averaged overall standard error estimate for the ratios predicted s. P. TRIPATHY et al. in Fig. 7 for the no distortion hypothesis. This overall average error (approx. 0.1 log units) was estimated from the root-meaa-sqlua'e of the percentage error in the blind spot ~ (averaged over dot separations and observers, including pre-and post-practice thresholds) and the percentage error in thresholds obtained in the opposite eye (averaged similarly). Identical standard errors would be associated with the other predictions in Fig. 7 . All the log ratios fell close to zero (within the shaded region), indicating that thresholds measured across the blind spot are similar to the thresholds measured across the corresponding region in the opposite eye. The only exception was HD's post-practice data, which appeared to deviate uniformly from zero. HD's pre-practice log ratios fell very close to zero. The postpractice log ratios deviated from zero, primarily because the post-practice thresholds in the opposite eye were unusually high.
Figure 7 also shows approximate predictions for the different hypotheses (dotted lines). The predictions for the different hypotheses were generated from the postpractice thresholds of observers HB and HD in the control condition with the dots presented to the left eye. If spatial values are preserved around the blind spot then one would expect no difference between the thresholds across the blind spot and in the control conditions. This would correspond to a ratio of zero in Fig. 7 at all dot separations.
The following steps were followed to generate the predictions for the Retinotopic hypothesis:
(i) the thresholds in the control condition for the two observers were averaged at each dot separation using the geometric mean of the two thresholds (interpolated when necessary); (ii) the thresholds for the retinotopic hypothesis were predicted by shifting to the right the averaged threshold vs dot separation curve generated from (i) by 6.0 deg (approximately the height of the blind spot); (iii) at each dot separation >7.0 deg the logarithm of the ratio of threshold generated in (ii) to threshold generated in (i) was calculated. This ratio is the prediction plotted in Fig. 7 .
To generate the prediction for the Compensation hypothesis the same procedure detailed above was used, with the difference that instead of shifting the entire control data curve to the right by 6.0 deg in (ii), the data lying between 0 and 9deg dot separations were compressed to lie between 6 and 9 deg dot separations, before the ratios were taken. The 9 deg separation limit was arbitrarily selected and primarily determined the dot separation beyond which the no distortion predictions and the Compensation predictions are identical. A limit of 9 deg would correspond to a 1.5 deg wide annulus of compensation around the blind spot slightly wider than the width of 1.0 deg reported by Ferree and Rand (1912) . If the zone of compensation were to be 1.0 deg wide, then the predictions for the Compensation hypothesis at 7 deg separation would fall on the lower edge of the shaded region in Fig. 7 representing the average standard error for the predictions for the preservation of spatial values around the blind spot, i.e. the predictions for the hypothesis of no distortion and the Compensation hypothesis would both lie within the shaded region. However, the Compensation hypothesis would still predict that the log ratio for 7 deg dot separation would, on average, fall below the log ratio at the other separations by 0.09 log units.
In Fig. 7 all the ratios fall very close to the predictions for the preservation of spatial values (i.e. absence of spatial distortion) at the blind spot, except for HD's postpractice data discussed earlier. The ratios do not conform to the predictions of the Retinotopic or Compensation hypotheses, particularly at 7 deg dot separation (assuming a 1.5 deg annulus of compensation). Even HD's postpractice ratios lie on a straight line, uniformly displaced from the no distortion prediction at all separations. The absence of any localized dip in her ratios at 7 deg dot separation goes against both the Retinotopic and the Compensation hypothesis. The absence of any noticeable localized dip for the 7 deg dot separation for any of the individual subjects (or averaged across subjects) argues against the Compensation hypothesis with a zone of compensation about I deg around the blind spot; however, an annulus of compensation having a width of a fraction of 1 deg cannot entirely be ruled out. Also, thresholds across the blind spot are not elevated compared to thresholds across the corresponding region in the opposite eye.
DISCUSSION
Alignment thresholds across the blind spot are comparable to those over intact retina
Experiment 2 indicated that two-dot alignment thresholds at corresponding regions of the visual field in the two eyes are similar. A comparison of thresholds across the blind spot with thresholds at the corresponding region in the opposite eye showed similar thresholds in the two conditions (Fig. 7) . This result, that thresholds across the blind spot were similar to the thresholds measured across intact retina, supports the hypothesis that the cortical separation of the two dots is the same whether the dots straddle the blind spot or are presented across intact retina at the same eccentricity. There is no evidence for an obvious shrinkage of the cortical representation of the blind spot as would be predicted by either the Retinotopic or the Compensation hypothesis (see Fig. 1 ). Ferree and Rand (1912) reported a "zone of distortion" around the blind spot, about 1/6 the diameter of the blind spot (about I deg) in which length distortions were found for lines presented across the blind spot (but see Tripathy et al., 1995) . They reported no distortions for lines extending outside this zone of distortion. Thus, it is possible that any shrinkage of space would be very local to the surround of the blind spot. At the shortest separations tested across the blind spot in our study, the inner edge of the dot was 1.0, 0.5 and 0.75 deg from the edge of the plotted blind spot for observers HB, HD and ST, respectively. The outer edge was a further 0.5 deg away. At the closest separation approached by us, there does not appear to be any evidence of shrinkage of space. Thus, our data do not support the Compensation hypothesis at the shortest separations tested. If compensation occurs at the blind spot, it must occur within a zone < 0.5 deg wide. Figure 5 showed that for HD, the appropriate control condition to compare with the blind spot condition was the condition with the stimulus presented to the corresponding region in the opposite eye. However, the data in Fig. 5 were obtained after the post-practice data shown in Fig. 4(b) . It is possible that the thresholds shown in Fig. 5 for the left eye may also have been elevated, since all the other thresholds in the left eye were elevated in Fig. 4(b) . This creates a problem for uniquely identifying the appropriate control condition. Since HD's data at half the eccentricity of the blind spot were not measured at the same time as the pre-practice data, we do not know if the elevation of thresholds in the left eye at the region corresponding to the blind spot uniformly raised all thresholds in the left eye or was specific to just the region corresponding to the blind spot. One possibility for the higher thresholds in the left eye could be that HD had an improper refractive correction for her left eye. However, this seems unlikely because performance in the two-dot alignment task, for separated dots, is very robust to blur (Stigmar, 1971; Toet, Snippe & Koenderink, 1988) and in any event, HD was refracted twice over the period of the experiments. Each refraction resulted in a change in her correction by 0.5 diopters in both eyes. Refractive errors are unlikely to provide a simple explanation for the elevated thresholds.
Our main result is that observers can align two dots across their blind spots just as precisely as they can over comparable intact retina. This is surprising, considering the big retinal discontinuity, the discontinuity in the LGN corresponding to the blind spot (Malpeli & Baker, 1975; Kaas et al., 1973) , and the absence of ocular dominance columns representing the contralateral eye at the cortical representation of the blind spot in V1 (Kennedy et al., 1975 (Kennedy et al., , 1976 Horton, 1984; LeVay et al., 1985; Florence & Kaas, 1992) . This result has interesting implications (discussed below) for the mechanisms mediating two-dot alignment.
Implications for mechanisms mediating the two-dot alignment task
Proposed mechanisms for the exquisite precision of the visual system (Westheimer, 1975; Westheimer & McKee, 1977; Klein & Levi, 1985) for judging relative position include (for reviews see: Wilson et al., 1990; Morgan, 1991; Wilson, 1991) : spatial filter based models (frequency-channel models), wherein the entire stimulus is passed through a linear spatial filtering stage, a nonlinear contrast transformation stage and a discrimination stage (e.g. Wilson & Gelb, 1984; Klein & Levi, 1985; Wilson, 1986) ; and models based on local signs (position models), wherein the positions of the individual stimulus elements are determined and compared (e.g. Matin, 1972; Burbeck, 1987; Wang & Levi, 1994) .
If spatial filter mechanisms that span the stimulus elements are used for the alignment task, then a consequence of our result (that alignment across the blind spot is as precise as across intact retina) is that inputs from the two eyes must converge onto binocular filters which are equally sensitive to inputs from the two eyes. This seems highly unlikely, considering that filters that receive inputs spanning the blind spot (if such filters exist) would have a significant portion of their neural machinery missing at the blind spot. On the other hand, recent evidence suggests that cells within the blind spot's representation in cortical area V1 may respond to contours that span the blind spot Fiorani et al., 1992) . Even with an experimentally induced retinal lesion, cells in cortical area V1 with split receptive fields lying on opposite sides of the lesion have been reported (Chino et al., 1992) . If similar filters spanning the blind spot mediate two-dot alignment across the blind spot, then it is very surprising that the sensitivities of these filters are indistinguishable from those of the most sensitive filters at the corresponding region (across intact retina) in the opposite eye.
With a local sign mechanism, misalignment would be detected by comparing the position labels attached to the individual stimulus elements. With such a mechanism, thresholds across the blind spot would be comparable to thresholds across intact retina, provided the position label attached to each stimulus element is undistorted. Thus, a local sign mechanism operating across the blind spot could readily explain our result that alignment thresholds are similar across the blind spot and across intact retina.
Positional acuity is believed to be mediated by spatial filter based mechanisms at small separations and by local sign mechanisms (i.e. by the cortical spatial sampling grain)at large separations (Burbeck, 1987; Burbeck & Yap, 1990; Wang & Levi, 1994 ). This belief is based on the observation that unlike thresholds for relative position at small element separations, thresholds for relative position at large separations are relatively independent of target luminance (Bedell et al., 1985; Yap et al., 1989) , contrast level (Morgan & Regan, 1987; Toet & Koenderink, 1988; Wangh & Levi, 1993; Wang & Levi, 1994) , contrast polarity O'Shea & Mitchell, 1990) , presentation duration (Yap et al., 1987; Waugh & Levi, 1993) and spatial frequency (Burbeck, 1987; Toet & Koenderink, 1988) of the stimulus elements. At the smallest separations tested across the blind spot, the dot separations are probably still too large to be spanned by single spatial frequency filters with adequate positional sensitivity. The size of receptive fields (defined as the square root of the area of the receptive field) in V1 at an eccentricity of 15 deg is typically around 1 deg (Hubel & Wiesel, 1974; Dow et al., 1981) , a lot smaller than the smallest dot separation tested (7 deg) across the blind spot. While the largest spatial filters may span the blind spot, they would be few in number and presumably of low position sensitivity. Thus for the smallest dot separations tested with the dots straddling the blind spot, local sign mechanisms are more likely to mediate the alignment task, as opposed to spatial filter mechanisms spanning the dots. The fact that thresholds across the blind spot are similar to thresholds across intact retina for the different dot separations suggests that similar mechanisms are used in the alignment task in the two cases. Since alignment across the blind spot is most likely to involve local sign mechanisms, alignment across intact retina too is most likely to involve local sign mechanisms at the dot separations tested across the blind spot. Thus, this study adds further support to the notion that local sign mechanisms mediate dot-alignment tasks for large dot separations.
Comparison with previous hyperacuity studies
In the current study, no efforts were made to check that the stimuli in any of the control conditions were actually centered at the region corresponding to the center of the opposite eye's blind spot. However, the retinal eccentricities of the stimuli and the eye-to-stimulus distance were kept identical in the three conditions. Westheimer (1982) explicitly compared dot alignment thresholds within the region corresponding to the contralateral blind spot with thresholds just outside the region corresponding to the contralateral blind spot and found them to be very similar. Westheimer concluded that the absence of one eye's inputs and ocular dominance columns at the cortical representation of the blind spot did not significantly improve performance for alignment when stimuli were presented in the opposite eye, so as to stimulate the same cortical region. The following are the differences between the current study and that of Westheimer (1982): (i) In the earlier study, the precision of alignment was measured over a region where there were no competing ocular dominance columns from the opposite eye. In the main condition of the current study, the region without ocular dominance columns actually lay between the two elements constituting the stimulus. (ii) In the earlier study, the stimuli were presented to an eye, such that the corresponding area of cortex stimulated did not have competing ocular dominance columns dominated by the untested eye. In the present study, the stimuli were presented to an eye, such that between the cortical locations stimulated by the features of each stimulus there was a cortical region which did not have any ocular dominance columns dominated by the tested eye. (iii) The earlier study measured thresholds for relatively small separations (< 30 rain arc), whereas the present study measured thresholds at very large separations (as large as 13 deg).
Interestingly, neither the absence of competing ocular dominance columns nor the absence of facilitating ocular dominance columns appears to have any influence on alignment thresholds at either large or small separations. The results of the present study complement those from the earlier study.
Comparison with previous blind spot studies
Perceptual length distortions at the blind spot have been proposed as a means of understanding the cortical representation of the blind spot. However, these studies have yielded controversial results, with some studies reporting large distortions at the blind spot and others reporting no distortions [reviewed by Helson (1929) ]. Recently, Sears and Mikaelian (1989) reported large length distortions for lines presented across the blind spot. In addition, Andrews and Campbell (1991) reported that a line that is presented outside the blind spot and grows longer at one end to pass through the blind spot, appears to emerge from the blind spot, at the same location that it disappeared into the blind spot. Other recent studies did not find significant length distortions at the blind spot (Schuchard, personal communication; Tripathy et al., 1995) . One study looked for positional distortions around the blind spot by having observers minimize the apparent motion between two short lines, the presentations of which were alternated in the two eyes with one of the lines being presented close to the blind spot of one eye (Thorn, personal communication) . This study did not find very large position distortions around the blind spot. The results of the current study are consistent with the absence of large position and size distortions at the blind spot. Sensitivity to relative position is not enhanced around the blind spot. Nor does the absence of ocular dominance columns at the blind spot adversely affect alignment thresholds for dots presented on opposite sides of the blind spot.
Another way (possibly more direct) to measure spatial distortions at the blind spot is to measure the separation between two dots that straddle the blind spot .* However, when two dots are presented straddling the blind spot, the tendency to complete across the blind spot frequently causes the dots to be perceived as a bar across the blind spot. This tendency to complete across the blind spot introduces biases when the separation of dots straddling the blind spot is compared with the separation of dots presented in the corresponding region of the opposite eye (personal observations). In the current experiments too, at small dot separations, the two dots straddling the blind spot were sometimes seen as a bar. However, our results suggest that performance in the dot-alignment task is neither significantly enhanced nor adversely affected by this tendency to complete across the blind spot. The dot-alignment experiments appear not to be biased by completion across the blind spot in the same way that dot-separation experiments are. *See Tripathy et al. (1995) for a more thorough study of perceived length across the blind spot.
Anatomical studies have shed some light on the representation of the physiological blind spot in the LGN (e.g. Kaas et al., 1973) and in the input layers of V1 (e.g. Kennedy et al., 1975) . While some physiological studies have looked at the region of the blind spot (e.g. Fiorani et al., 1992) , such studies are few in number. To date, however, anatomical and physiological studies have not had the requisite resolution to adequately resolve the controversy that has resulted from the behavioral studies that have examined spatial distortions around the blind spot. Our two-dot alignment results presented here, along with our perceived length experiments across the blind spot (Tripathy et al., 1995) provide converging evidence that spatial distortions (if they exist) at the blind spot are considerably smaller than the size of the blind spot.
Blind spot completion and amodal completion
Blind spot completion and amodal completion (i.e. the perceptual completion that can occur for an object that is occluded by another) share several interesting properties (Durgin et al., 1995; also see Ramachandran, 1995) . If blind spot completion is a simple case of amodal completion, then there should be no shrinkage of perceived space around the blind spot* and hence no reduction in alignment thresholds. Our main results are consistent with predictions for amodal completion at the blind spot. For elements separated by a gap, alignment thresholds are not lowered when the elements being aligned are completed amodally across the gap (Mussap & Levi, 1995 ). In the current experiments, the elements being aligned were not perceived as being completed (either amodally or otherwise) at most separations. However, the blind spot may have been amodally completed with the background. If the background was amodally completed, alignment thresholds were not influenced either positively or negatively by this completion.
